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speed of light and its measurable consequences in a reference frame co-moving with 
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1. Introduction 

In the design of individual experiments, experimentalists assume, often tacitly, that 
there exist some objects that are invariant under arbitrary rotations and translations. 

Consider for example the experiments where a resonant cavity or an interferometer 
is used to detect the anisotropy of the speed of light. Experimentalists use these objects, 
made with a material as rigid as possible, as standards of length. 

However, there are no real rigid bodies (neither in Relativity theories, nor in 
Newtonian mechanics), the real bodies are approximately rigid, and their points 
approximately follow a rigid motion, that is, the motion of an ideal rigid body: a) 
whose geometry does not change either during the experiment or b) when it is moved 
around. 

Briefly, it is assumed that some objects have the intuitive properties of reference 
spaces in Newtonian mechanics: they are approximately rigid and they fulfil the axiom 
of free mobility P] . 

The notion of rigid motion is often related to the existence of a class of congruences 
admitting a metric {g) projectable onto teh reference space (definition EJ, but the free 
mobile condition requires (theorem^) g to be maximally symmetric, i.e. to have constant 
curvature. 

In the previous work |2] we prove the existence of a wide enough class of congruences 
admitting a maximally symmetric projectable metrics (g) which can be obtained by a 
constriction transformation from the quotient metric {g = g + u x u). (Theorem |2I). 

Any of these congruences can be used to model the kind of motion followed by real 
bodies rigid "enough" , and the corresponding spatial metric g will be interpreted as the 
metric that is embodied by standard rods in the lab frame. 

This election provides an instrument for measuring distances directly, that is, 
independent of speed of light and, therefore, of the Einstein convention of simultaneity. 
In other words, we do not interpret the quotient metric as the space metric. 

Even though we have eliminated the interpretation of the quotient metric as the 
"physical spatial metric", this object has not lost its importance. On the contrary, it 
can be interpreted as an "optical metric", for this reason we shall call this tensor as 
Fermat metric. 

The present work is organized as follows: the next section, after recalling some basic 
definitions of reference frames, shows our main results obtained in The physical 
interpretation of these results allows us, in section El to study the uniformly rotating 
rigid disc from a new point of view. We explain new approach to the Ehrenfest paradox, 
and we compare it with some other explanations available in recently published papers. 

The possibility of measuring distances and times with different metrics, g and g 
respectively, make sense to question the isotropy of the speed of light. In section HI 
this analysis allows us to interpret physically the 1-form n appearing in the constriction 
transformation (remark |2j . 

Finally, we study the anisotropy of the speed of light in a uniformly rotating 
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reference frame, and in a reference frame co-moving with the Earth, giving new 
interpretation of the well known Sagnac effect |3| for the rotating disc case, and a 
theoretical explanation of the Brillet and Hall experimental results jlj. This is done in a 
very similar way to Bel et al. ^11^10121; but with different experimental predictions. 

2. Basic Results 

2.1. Space of reference and time scale 

A reference frame consists of a space or reference, a time scale and a spatial metric. Let 
us define these concepts: 

Let V4 be a spacetime domain, g a Lorentzian metric with signature ( — h ++) 
and u a unitary timelike vector field on V4, g{u,u) = —1 . Its integral curves yield a 
three-parameter congruence of timelike worldlines (a timelike 3-congruence), S3, that 
establishes the following equivalence relation: for x, ?/ G V4 , 

X y <^ y lies in the worldline passing through x . 

The cosets for this equivalence relation are the worldlines belonging to the 3- 
congruence 

Definition 1 The quotient space £3 := V4/ ~ is the space of reference — briefly, 
the space — of the congruence. 

The canonical projection vr : V4 — > £3 is a different iable map, and the tangent and 
pull-back maps will be denoted, respectively, by 

TT, : TV4 — ^ T^s and vr* : AV4 — ^ A^3 • 

Definition 2 A time scale for the congruence £3 in the domain V4 is a 1-form 
6 G A^Vi such that: {9,u) ^ everywhere in V4. 

A curve in V4 whose tangent vector v satisfies {6, v) = connects events that are 
simultaneous according to the time scale 9 — briefly, 6*- simultaneous. 

Furthermore, if {6,u) = —1 , then 6 is called a proper time scale. As a particular 
case, the Einstein proper time scale 

00 := g{u,_) 

is the result of combining the Lorentzian metric g and the unitary vector field u that 
defines the congruence. This time scale is physically based on a system of identical local 
clocks, ticking local proper time and synchronized according to Einstein's protocol. 
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2.2. Rigid reference frame 

A rigid reference frame is defined by the triple {83,6, g^) — a timelike 3-congruence, a 
proper time scale and a special Riemannian metric on the reference space. 

A Riemannian metric g^ of positive signature on the reference space S3 can be pulled 
back to a metric 'g := TT*g3 on V4, so that the ^-metric product between any couple of 
vector fields tangent to V4 is 

g{v, w) = gsi^T^v, n^w) o vr 

This metric satisfies the following three conditions: 

• The metric g is degenerated, 

^K-) = o (1) 

• the ^-product of any two vector fields v and w on V4 is non-negative: 

giv,w)>0 (2) 

• it is rigid 

Ciu)g = 0. (3) 

Definition 3 A symmetric 2-covariant tensor field 'g on V4 is said to be a spatial 
metric relatively to the congruence £3 if it satisfies (OP and^. 

Taking into account that if a spatial metric g satisfies Q, then it can be 
unambiguously projected onto a Riemannian metric g^ on S3, we can introduce the 
notion of projectable spatial metric: 

Definition 4 A spatial metric 'g on V4 is said to be projectable or rigid relatively to 
the congruence £3 if it satisfies (I2P,(IB' '^^'^ ®- 



2. 3. Rigid Motion 

A rigid metric 'g can always be associated with a 3-congruence £3, at least locally. Indeed, 
it is sufficient to assign values for ^ on a hypersurface that is nowhere tangential to the 
worldlines in £3 and extend it according to the transport law C{u)'g = 0. However, a 
spatial metric like this, would rarely have any physical meaning. 

The simplest choice for a physically significant spatial metric is: 

g := g where g^/s ■= Qap + UaU/s , (4) 

i.e. the quotinet or Fermat metric [IB'. But, it is a well-known fact that this metric is 
rigid only for a very short class of congruences, ^H]- Moreover, this tensor is rarely a 
constant curvature tensor, so if we take this tensor as a metric tensor for the space of 
reference, this space will not satisfy the property of free mobility. 

As it has been pointed out in the introduction, this desirable property states that 
rods used as standards for measuring space geometry must be invariant when move 
around. 
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This statement is very restrictive when Riemannian manifolds are taken into 
account because of PP 

Theorem 1 [Cartan] Any Riemannian manifold that admits movements that do not 
deform the geometry of a figure (satisfies the free mobility axiom), is maximally 
symmetric, that is, has constant curvature. 

So we think, as well as other authors, | that apart from conditions (001) it is 
necessary that the projectable metric g has constant curvature. 

In j2], a frame connection (V), that is a spacetime connection adapted to the 
congruence and to a spacial metric, is given, and it is shown that when a spatial metric 
is projectable, the projection of the frame connection is the Riemannian connection 
associated to the projected metric. 

Therefore, the constant curvature conditions yields to the equation 

K^^af3 = k {g^^ g^p - g^^ g^J (5) 

where is a constant and K ^^^(3 is the covariant curvature tensor§ of the frame 
connection V. 

After these remarks we give the following 

Definition 5 A Rigid Motion is the triple {E3, 9, g) such that (OJj, ^ and ^ 
are fulfilled. 

Notice that even when the Fermat tensor is a projectable metric, that is, even when 
the 3-congruence is a Born congruence [^, this tensor do not represent, in general, the 
standards rods used in a laboratory, whereas it is necessary to deform it and obtain a 
new spatial metric, projectable and maximally symmetric. In particular, our aim is 
to find a slight variation of formula that relates g with g. 

We propose that relation to be a constriction, that is, at every point, there is a 
conformal transformation on the orthogonal plane of an space direction given by /i, this 
yields to the relation 

g = vi.g + ^i^®ij)^ e = ±i (6) 

where /x is a 1-form orthogonal to u and <y9 is a positive function. 

In this context, the following theorem proved in |2j states that, in any spacetime, it is 
always possible to find rigid motions, and we interpret the constant curvature projectable 
metric g as the metric that is embodied by standard rods used in a laboratory. 

Theorem 2 Given a spacetime with constant signature iVA^g), it is possible to find 
wide enough class of reference frames {S3,g, 9 := g{u, _)) onU C V4, such that 

I See for instance ^01 or where a very interesting discussion on physical consequences of imposing 
or not to g to have constant curvature can be found. 

§ This curvature tensor is related to other curvature tensors for the space of reference |17l 1181 1191 1221 • 
In |4()j there is a extensive discussion on this subject and relations between them are given. 
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Figure 1. At every point, there is a conformal transformation on the orthogonal plane 
of an space direction given by /x. 



a) The metric g is related to the Fermat metric by the constriction: 

9ap = f (9af3 + UaUf) + 6 /lal^f)) (7) 

where (f and := g°'^fialJ'i3 fulfil a previously chosen arbitrary constraint: 

*(^, 11/^11') = 0. (8) 

b) The metric g is rigid: 

jC{u)gap = (9) 

c) and has constant curvature 

^p.v<x0 ■= K^^afi + kg^^acp = (10) 
where k is a constant and 

va (11) 

Remarkably, Born congruences, which have traditionally been used to characterize 
rigid motions, also provide rigid frames according to this new definition. 

Theorem 3 Any Born congruence defines a Rigid motion. 
3. Rotating disc 

Let ds^ be the line element of Minkowski's spacetime in cylindric coordinates 

ds^ = -dT^ + dR^ + R^dOi^ + dZ"^ (12) 

the motion of a reference frame with constant angular velocity a; is a timelike killing 
congruence with parametric equations: 

{T = t, i? = r, Q = e + ujt, Z = z} (13) 

The unitary tangent vector is 

ii" = ^=i==(l,0,a;,0) (14) 



Using the system of adapted coordinates to the rotating frame of reference, the line 
element of the spacetime becomes 
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ds'^ = -(1 - r^uj^)dt'^ + 2r^ujdedt + dr^ + r^dO^ + dz^ 



(15) 



The Fermat tensor is, in these coordinates, 




and taking e = — 1, it is obvious that the g^^ = (p {gap + UaUp + e fiafJ^p) is a metric with 
constant curvature. 



g ■= g - ^fi = dr'^ 



■He'' + dz" 



(18) 



This case corresponds to choosing the arbitrary function (jH)) as \& = g{fi,fJ,) — tu^r^. 
3.1. Ehrenfest Paradox 

The formulation of the Ehrenfest paradox is the following |23j : 

Consider a disc that spins with respect to an inertial frame of reference (K), with 
constant angular velocity (tu) around its axis of symmetry. Let K' be an observer at 
rest in the disc, and R and R' respectively the radius measured from K and K'. 

Then a contradiction arises: With respect to K, each element of the circumference 
moves in its own direction with instantaneous speed ujR, thus the length (L) of the 
circumference must be affected by the Lorentz contraction, being L = 'y~^L'. However, 
considering an element of the radius, its instantaneous velocity is perpendicular to its 
length; thus, an element of the radius cannot show any contraction with respect to the 
rest state. Therefore R = R'. 

If L' = 2ttR', then L ^ 2txR and conversely. Hence, Euclidean geometry can hold 
in only one frame, either /C or /C'. 

Since 1909, there has been a vast literature devoted to this paradox, but according 
to recent published papers, it seems that the physics involved in a rigid rotating disc is 
not clear at all. 

In any case, it is clear that a rotating platform defines a non-time-orthogonal 
physical frame; being the usual 3+1 foliation of the spacetime, meaningless. The 
splitting of the spacetime into a space and a time relatively to the reference frame 
must be that introduced in section |21 (definition [TJ. Therefore, by definition, the disc 
does not deform. 

In this sense, we follow the same approach as Rizzi and Ruggiero [23 IHO] and 
Rodrigues and Sharif |21|, but reaching to a very different conclusion, because they use 
the Fermat metric (fTI)|) as the metric of the space of reference instead of the euclidean 
metric (fTS|) . 
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In this case, the Fermat tensor is a projectable metric, therefore, it is really 
mathematically consistent to use this metric as the metric of the space of reference, 
but although the disc does not suffer any deformation, when the rim of the disc is 
measured in the space of reference, one obtains L' = ^^^"^^^ and R' = R. The 
physical interpretation of that fact jHO] is that the rods along the rim contract, while the 
circumference does not; neither the rods along the radius nor the radius itself contracts. 

In our opinion, if neither the circumference itself nor the radius contracts, all the 
problems are generated by the rods used, precisely because this metric does not satisfies 
the free mobility axiom. Moreover, it does not make sense to state that rods along 
the rim and along the radius have the same length if the free mobility condition is not 
assumed, as far as this assertion is based on the free mobility axiom. 

We claim that instead of g, the space metric must be g (fT8|l .the projectable metric 
that satisfies the free mobility axiom. As a consequence, the space of the disc is 
Euclidean, and then 27rR' = L' = L = 271 R, so the lengths do not contract. In this 
sense, our interpretation is closer to that of Klauber (see for instance [2H ESI EE] ) • 

The election of the Fermat tensor as the space metric is physically based on the 
Einstein convention of simultaneity, and the associated measuring protocol, that is based 
on the assumption of the isotropy and constancy of the speed of light (See section HJ. 
Of course, this is true when local measurements are taken into account but this is not 
a so well-established fact in global measurements. Think for instance about the Sagnac 
effect, that states that the transit time for a light ray to go around a closed path enclosing 
a non-null area depends on the sense of the curve followed by the light ray. 

Leaving aside some interpretations [SSIMIII, in our opinion, this behaviour shows 
that in global measurements the speed of light is anisotropic. This anisotropy is 
predicted even when the Fermat tensor is used to compute space distance, as it can be 
seen in the above mentioned references j^HEOllSlj this apparent contradiction arising 
from the impossibility of synchronizing clocks around the rim. In fact, measuring the 
global length of the rim using g is different from calculating the sum of infinitesimal 
local measurements using locally the same tensor^. 

4. Anisotropy of the speed of light 

In previous sections we have claimed that the metric (|Z|) is the space metric of a given 
rigid reference frame (£^3,^,6*), which must be used to measure space distances because 
it describes a specific physical reality, that is, the reality of the reference bodies used as 
standard rods. 

II In these papers they claim the isotropy of the speed of hght, locally and globally measured. To reach 
this conclusion an ad hoc correction in time measurements must be introduced, however, in j27j a good 
criticism to this approach can be found. 

% The most interesting result of these approaches is that they show that there are no contradictions 
between Special Relativity and General Relativity. We absolutely agree with them, and consequently, 
we think that it is not really justified the attempt to find an alternative to SRT exposed in some works 
of Sellcri and Klauber, see for instance pTfll^ . 
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Even though we have ehminated the interpretation of the Fermat tensor g as the 
"physical spatial metric", this object has not lost its importance. On the contrary, it 
can be interpreted as the "optical metric" . 

Consider two close points Pi and P2, and consider also the three events 

ei = (x* + dx\ x° + c?X(_)), 62 = {x\ 63 = {x\ x° + 

where, ei is the event on Pi when a light signal is sent from Pi to P2, 62 is the event 
when the signal arrives at P2 and is instantaneously reflected to Pi where it arrives at 
event 63. 

Since for light signal ds^ = 0, solving from 

ds'^ = g^^dx'^dx" = goodt'^ + 2gQidx^dx^ + gijdx^dx^ 
we obtain the two solutions 

dx^(±) = — i-goidx' ± J {goigoj - goo9ij)dx'dxn (19) 
9oo \ ^ J 

It is well known ^2] that physical time (that one measured by a clock in Pi) during 
a closed trip is given by 

dr = v^^5x° (20) 

where 6x^ is lapse of the time coordinate between the departure and the arrival. It is 
clear that, in the trip described, 6x^ = dx^^_^-^ — dx^_^, so 

dr = J {goigoj - goo9ij ) dx^ dxi = 2 a/ gij dx' dx^ (21) 

where we have introduced the Fermat metric in adapted coordinates. 

Remark 1 The Fermat metric must be used to compute times spent by light in 
infinitesimal round trips. 

In traditional approaches, this fact and the assumption of the isotropy of the speed 
of light, implies that Fermat metric g can be used as the space metric, but as it has been 
discussed before, we have considered the fiat metric g obtained by constriction as the 
space metric. Other possible relationships between g and g have also been considered 
in the literature: Bel's Meta-rigid motion, see for instance jHl El QHI; and Fermat 
holonomic [22] congruences, among others. 

Although on theoretical grounds preferring one to another is a matter of taste, the 
choice of 'g has measurable consequences. Indeed, given a rigid reference frame, there 
are two distinguished spatial metrics: first, the one belonging to the reference frame 'g , 
which is materialized by the reference body and is rigid, and the second one, the Fermat 
metric g, which is embodied in radar signals and is not generally preserved. 

Thus, experiments can be devised to compare these two metrics: those used for 
measuring the anisotropy of the speed of light in vacuum. In other words, it is possible 
to check whether g and 'g are constrictional to each other. 
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dl = ^Jgijdx^dx^ (22) 
therefore, the one-way speed of the signal is 



I gijdx'dx^ ^23) 
gijdx^'dx^ 

Let be {ni{a)}, with a = 1, 2, 3, an orthonormal triad of (jij, that obviously defines 
a basis of the space, that is 

g.. = 5''^ni^a)ni(b) (24) 

If we consider 

dx' = -f^nla/l with = ^'%i(a) and ^abT^T^ = 1 (25) 
then from (|23|) we obtain 

(26) 



Taking into account ((Tj) in adapted coordinates, i.e. 

gij = exp{e){g^j + e/ii/ij) (27) 
where exp(6') = and writing /i in the above mentioned basis 

fii = M^n.^a) (28) 
it is easy to see that the Fermat metric may be written as 

gij = c''^nii^a)niib) with = exp{-e)6'''' - eM'^M^' (29) 
and then yields 

1 

where 7^ = 7" (30) 



a/ c"*7a7fe 



so 



= y'exp(-^) - e(M ■ •l/)2 (31) 

where V points the signal direction of motion. Hence, we conclude that 

Remark 2 In any point of the space, the speed of light is isotropic in the plane 
orthogonal to fi. 
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4-1- Sagnac effect 

Taking into account (fT5|l and (fT9|l , if we consider a trip given by the parametric equations 
r = R = constant, z = constant, we obtain 

de 1 

Integrating it, it is possible to find the coordinate time elapsed in Pi from departure 
until the signal arrival, and we obtain 

27iR 



iTujR 

where the sign depends on whether the light travels, in the same sense (+) as the 
rotation or in the reverse (-). It is clear that all measures are taken in the same point 
Pi of the platform. Using (j2DI), we calculate the physical time elapsed between the two 
arrivals, and we obtain 

AttR^uj 



AT = Vl-iu^R^(xl-x^)= , (33) 

As it can be sought in [2HI or in |38j , this expression yields, in a first order approximation, 
the well known expression 

Ac 

where a; is the constant angular velocity, S is the vector associated to the area enclosed 
by the light path and A is the wavelength of light, as seen by an observer at rest on the 
rotating platform. 

There are many interpretation of physical consequences of ()33|1 : for instance, in J3H] 
they achieved to explain this effect imposing the uniformity of the speed of light, but 
they require the two ways path to have different lengths. However, in [21] an anisotropy 
of the speed of light is predicted. Finally, in j2H] Klauber claims that this effect proves 
the failure of the Special Theory of Relativity. 

Our interpretation is different: the physical times spent by light in doing their 
round trips are 



while the length of the periphery, as measured with the metric (I18j) . is l± = ±27: R, so 
we expect an anisotropy of the speed of light 

c± = = = ± , . (35) 



The times ()34|) coincide with the ones obtained by Klauber, and Rodrigues and 
Sharif in the above cited works, but for the last authors, the periphery of the disc, as 
commented in section ITTl must be computed with the Fermat tensor (fT?)|l . and then 
l± = ± ^i^^iRi SO they predict an anisotropy 

1 

~ ujR±l' 
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In conclusion, an accuracy of second order in (uR) is needed to decide between 
both approaches. 

4-2. The speed of light in a co-moving frame with the Earth 

In this section, following the way of Bel et al. in [7], we will consider an 

experiment to test the local anisotropy of the speed of light using optical interferometers, 
as those made by Michelson and Morley Pl]. This will be done in a neighbourhood of 
the Earth's surface, and considering only the exterior field. 

We consider, in the framework of General Relativity, the linear approximation of 
the gravitational field exterior to the Earth taking into account its mass (M), its mean 
radius, (i?) and its reduced quadrupole moment (J2)- 

As we will see, in the frame of reference co-moving with the Earth the local 
anisotropy of the space is of the order of 10~^^, slightly smaller than Bel's predictions 
(2.5 X 10^^^ ), and closer to experimental issues (2.1 x 10"^^). 

The line-element is given by 



ds'^ = -(1 - 2U)dt'^ + 2Aidx'dt + (1 + 2UG)Sijdx'dx^ (36) 
where U = Ug + Un with 

^^^^^^IMHl^^ (37) 

Un = ^nWin'e (38) 

and where the angular velocity Q is introduced via 

Ai = VtijX-^ with Vtij = eijkS^il (39) 

Of course (j36j) is only an approximation, and only terms proportional to Ug and 
fl^ are considered. 

Consider in this space-time the killing congruence given by 

u = ^yf^dt ^ (1 + U)d, (40) 

then, the Fermat tensor is 

ds^ = Qijdx'dx^ = ((1 + 2UG)Sij + A,Aj)dx'dx^ (41) 
and it is easy to see that taking e = — 1, and introducing the 1-form /i 

= Ai{l + U)dx' (42) 

that 

Qij + UiUj — fii^j = (1 + 2UG)Sijdx^dx^ (43) 
so this is equivalent to choose in ^T7\ 

exp{-e) = l + 2UG^e = ~2Ug (44) 
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As in spherical coordinates: 

X = r sin(6') cos(0), y = r sin(6') sin(0), z = r cos{9) (45) 

becomes 

/i = A^{1 + U)d(p on A^ = nr^ sm^{e) (46) 
therefore, we have the following remark: 

Remark 3 The space direction fi, "privileged" in the Earth co-moving frame is at any 
point tangent to the corresponding parallel and pointing to the east. 

Finally, we can introduce ()42|) and ()44j) into ()30p and compute the expected 
anisotropy. It follows, at the required approximation, that (jHn|) yields to 

v = l + ^e- ^M'^M'^a^b (47) 
Since the interferometer is usually kept horizontal, 

7^ = cos A, 7^ = sin A and 7'^ = 

where A is the azimuth of the direction 7°, so we obtain 

V = l + -9--[Ml + Mj + {Ml - Ml) cos 2A + 2M1M2 sin 2A] 

= ao + 02 cos 2 A + 62 sin 2 A (48) 

So the parameter characterizing the anisotropy is y^of^j-Tf. In [1] a value of 2.1 x 10^^^ 
was obtained for this quantity. In our case we have v^^fTfef = \{Ml + M|) = 
^VL^ siv? {6) and taking into account the following values: R = 6378164 m, Q = 
2.434 X 10-13 at a colatitude 50° yields to 3.6 x 10"^^ 

As mentioned above, this calculation is very similar to that shown in [12], where a 
value of 2.5 x 10"^^ was obtained, and a value of 6.2 x 10^^'^ when a global space-time is 
considered, that is, when not only the external gravitational field but also the internal 
field is considered. 

5. Conclusions and outlook 

In this paper we recall theoretical results exposed in |2] and we squeeze their physical 
consequences. In particular, this allows us to give a new approach to the Ehrenfest 
paradox, showing that no contradiction arises, because as the rotating disc is not an 
inertial frame, it is not possible to use Special Theory of Relativity results. As mentioned 
above there is a great number of references that explain mathematically the rotating rigid 
disc, but we claim that these explanations, instead of clarifying the physical behaviour 
of approximately rigid solids, suggest that Fermat tensor g is not the suitable metric 
to describe the rods used in the non time-orthogonal frames, that any suitable metric 
must be projectable, but also, must have a constant curvature. 
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The theorem |21 states that in any spacetime, it is always possible to find rigid 
motions, and we interpret the constant curvature projectable metric g, obtained by 
constriction from g as the appropriate one to modelize the real rods used in a laboratory, 
while the Fermat metric must be used as an optical tensor to compute times spent by 
light in infinitesimal round trips. 

This physical interpretation of g and g allows us to examine the problem of the 
isotropy of the speed of light, and provide an explanation of the experimental result 
obtained by Billet and Hall, and also of the Sagnac effect. Moreover, our result is slightly 
different from the analogous ones present in the literature so, it would be desirable to 
perform new experiments to decide which is the best metric for the space of reference. 

In all the particular cases of theorem |21 we have easily obtained the metric of the 
space because of the symmetry of the problems, but in a future work the problem of 
modelizing an spinning top with arbitrary rotation will be considered, using perturbation 
theory in the partial differential system appearing in j2j. 



Acknowledgments 

The author is grateful to Josep Llosa and Bartolome Coll, for valuable suggestions and 
comments. 



References 



[1] Cartan, E. Legons sur la geometric des espaces de Riemann, chap. V, sect. Ill and chap VI, sect. 
IX (Paris: Gauthier-Villars)(1951) 
Llosa J. and Soler D. Clas. Quantum Grav.21 3067 (2004) 
M. G. Sagnac, C. R. Acad. Sci. Paris 157, 708 (1913). 
BriUet, A. and HaU, J. L. Phys. Rev. Lett. 42(9) p.549-552 (1979) 

Bel, LI. in Recent Developments in Gravitation E. Verdaguer, J. Garriga and J. Cespedes, Eds., p. 

47 (Singapore: World Scientific) (1990) 
Aguirregabiria, J.M., Bel, LI. Martin, J. and Molina, A., Proc. Relativity Meeting, Bilbo 

1991:"Recent developments in Gravitation" ^ 61-79 (World Scientific, 1991) 
Bel, LI. Martin, J. and MoHna, A., J. Phys. Soc. Japan , 63 p. 4350 (1994) 
Bel, LL. and Llosa, J. Gen. Rel. and Grav. , 27 p. 1089 (1995) 
Bel, LI. in Relativity in general (Gif-sur-Yvette: Editions Frontieres)(1995) 
Bel, LI. Gen. Rel. and Grav. , 28 No. 9 p.ll39 (1996) 

Bel, LL, Proc. Encuentros Relativistas Espanoles-1998: Relativity and Gravitation in General., 

World Scientific (Singapore, 1999), also in gr- qc/9812062| 

Bel, LI. and Molina, A., Nuovo Cim. B115 p.577-586 (2000) also in gr-qc/9806099' 
Bel, LI. "Testing a Crucial Assumption" available in physics/0502137| (2005) 
Michelson, A. A. and Morley, A.W. Am. J. Sci. 34, p. 333, (1887). 

Landau, L. and Lifschitz, E. The Classical Theory of Fields sect. 84 (Oxford: Pergamon) (1985) 
Herglotz, G. Ann. Phys. Lpz. 31 393; Noethcr, F. 1910 Ann. Phys. Lpz. 31 919 (1910) 
Cattaneo, C. Ann. di Mat. pura ed appl. S. IV, T. XLVIII 361 (1959) 
Zel'manov, A. Sov. Phys. Dokl. 1 227 (1956) 
Boersma, S. and Dray, T. J. Math. Phys. 36 1378 (1995) 
Born, M. Phys. Z.IO 814 (1909) 

Coll, B., Llosa, J. and Soler, D. Gen. Rel. Grav. 34 269 (2002) 



Reference frames and rigid motions in relativity: Applications 



15 



Llosa, J. and Soler, D. Fermat-holonomic congruences \gi-qc/ 0003050 ) (2000) 
Ehrenfest, P. Phys. Z. 10 918 (1909) 
Klauber R. D. Found. Phys. Let. 11 405 (1998) 
Klauber R. D. Am. J. Phys. 67 158 (1999) 
Klauber R. D. gr-qc/0005121 (2000) 

Klauber, R. D. "Relativity in Rotating Frames", ed. G. Rizzi and M.L. Ruggiero, Kluwer Academic 
Publishers, Dordrecht 103-137 (2003) gr-qc 04010571 

Klauber, R. D. Found. Phys. Lett. 16 447-463 (2003) gr-qc/0206033| 

Rizzi, G. and Ruggiero, M. L. Found. Phys. 32 1525-1556 (2002) gr-qc/0207104 

Ruggiero, M.L. Eur.J. Phys.24. 563-573. (2003) gr-qc/0309020 

Rodrigues, W. A., Jr. and Sharif, M. Found, of Phys. 12 1767 (2001) 

Tartaglia, A. Found. Phys. Let.l2 (1999) 

Rizzi, G. and Tartaglia, A. Found. Phys. 28 1663 (1998) 

Rizzi, G. and Tartaglia, A. Found. Phys. Lett. 12 179-186 (1999) gr-qc/9904028| 
Stead, G. and Donalldson, H. Phil. Mag 20 92 (1910) 
Galli, M. Rend. Acc. Lincei 12 569 (1952) 
Selleri, F. Found. Phys. Lett., 10 73 (1997) 

Rizzi, G. and Ruggiero, M. L. Gen. Rel. Grav. 35 2129-2136 (2003) gr-qc/0306128| 
Hills, D. and Hall, J. L. Phys. Rev. Lett. 64 1697 (1990) 

Soler, D. Sistemes de referenda i moviments rigids en Relativitat General. PhD thesis, Universitat 
de Barcelona. (May, 2003) 



